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ABSTRACT: The mobility of poly(methyl methacrylate) [PMMA] in a blend with 20 wt % poly(ethylene
oxide) [PEO] is assessed using quasi-elastic neutron scattering (QENS) and compared to pure PMMA.
The primary conclusion is that the change in dynamics of PMMA, upon blending with PEO, is solely a
result of the shift in Tg. Although relaxation times of PMMA are smaller in the blend than in pure PMMA
at a given temperature, they collapse onto a single curve when the difference in Tgs is taken into account.
Relaxation times are Arrhenius in temperature throughout most of the data, with an activation energy
consistent with that observed in dielectric spectroscopy for the merged Râ process. At temperatures less
than ∼1.2Tg, the data suggest that at large spatial scales relaxation times grow in excess of Arrhenius
temperature dependence, whereas at small spatial scales Arrhenius behavior continues. The approximate
dividing point for this behavior is the static structure peak of PMMA.

Introduction

Polymer systems show complex dynamics and the
wide variety of motions observed span an extensive
range of time scales. Faster dynamics include not only
rotations and vibrations but also side-group motions and
local rearrangements involved in the so-called secondary
or â-relaxation process.1 The R-relaxation comprises
slower motions involved with the glass transition,
typically associated with relaxations of the chain back-
bone. Changes in both processes when a polymer is
incorporated in a miscible blend have been the target
of many investigations.

In this work we consider one such miscible blend:
poly(methyl methacrylate) [PMMA] and poly(ethylene
oxide) [PEO]. This blend exists as a single amorphous
phase for concentrations of PEO not greater than 30 by
weight. From a thermodynamic point of view, minimal
interactions are present, with the Flory-Huggins in-
teraction parameter close to zero as determined by
small-angle neutron scattering.2,3 Dynamic measure-
ments on PEO/PMMA blends using nuclear magnetic
resonance [NMR]4-8 and other experimental tech-
niques9-12 indicate two dynamic responses, which are
expected due to the large Tg contrast (around 180 K).
Oscillatory shear rheometry10 has shown that time-
temperature superposition fails for this blend. Colby10

also reported that in blends containing 20% and 30%
PEO, if considered at the same (T - Tg), PMMA relaxes
slower in the blend than in pure PMMA, while PEO
relaxes faster. A study by Lartigue and co-workers7

using proton NMR reports that the mobility of PEO is
highly reduced by the presence of PMMA but remains
mobile at temperatures below the glass transition of the

blend. More recently, Lutz and co-workers5 reported
that the segmental dynamics of d4PEO are 12 orders of
magnitude faster than PMMA segmental dynamics for
a blend containing 3% PEO at temperatures close to the
blend Tg. Finally, results from dielectric spectroscopy
suggest that the merged Râ-relaxation of PMMA be-
comes faster when adding PEO.9

The complex dynamic behavior exhibited by this blend
is common in other blend systems, as observed with a
number of experimental techniques: dielectric spectros-
copy [DS],9,13,14 quasi-elastic neutron scattering
[QENS],13,15-17 NMR,5,13,18 fluorescence anisotropy de-
cay,20 and dynamic mechanical measurements.21,22 This
scenario has been identified typically for blends where
the two components have very dissimilar glass transi-
tion temperatures:13,15,16 PEO and PMMA represent an
extreme case as the difference is around 180 K. Theories
that attempt to explain these observations are generally
based on the idea that each component in the blend
experiences an effective local composition different from
the bulk composition. Two theories are proposed for
explaining the origin of these local environments: (1)
concentration fluctuations that occur in mixtures and
depend on the interactions between the two components
and on their molecular weights18,19,22-24 and (2) chain
connectivity effects,18,25 i.e., each component’s environ-
ment is rich in itself because it is connected to segments
of its own kind. The latter model, in which the revelant
temperature and composition independent length scale
is the Kuhn length, explains dynamic differences in a
number of blend and copolymer systems.26 The model
has also been tested on both components of the PEO/
PMMA blend.5,26 With respect to terminal dynamics, the
success of the model for the high-Tg component (PMMA)
depends on the composition range considered: success
is found for PMMA-rich (80%) but not PEO-rich (20-
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60%) blends. Terminal dynamics for the low-Tg compo-
nent [PEO] have not been tested. For segmental dy-
namics, only PEO in PMMA rich blends has been tested,
and the model is unable to correlate the data.

In this work we concentrate on the segmental mobility
of PMMA for which very limited data exist. We compare
the mobility of PMMA in the blend with that in pure
PMMA using QENS. Because of the difference between
the incoherent scattering cross sections of hydrogen
(80.27 × 10-24 cm2) and deuterium (2.05 × 10-24 cm2),
it is possible to highlight the dynamic response of
PMMA by deuteration of PEO, without substantially
changing the nature of the samples. It is important to
recognize that selective deuteration can affect the phase
diagram of miscible polymer blends.27 This could alter
concentration fluctuations and potentially the dynamic
behavior, although the estimate of contributions from
concentration fluctuations to mean dynamic properties
is less than ∼20% at Tg + 10 K.28 QENS measurements
probe short time scales (between 0.1 and 10 ns) and
provide spatial resolution over molecular and segmental
length scales (3.7 and 10.2 Å).

Our main finding is that the dynamics of PMMA in
blends with PEO qualitatively resemble those of pure
PMMA. When the change in glass transition tempera-
ture on blending is taken into account, results collapse
to a single curve, indicating that segmental mobility on
short time scales is controlled solely by distance from
Tg.

Experimental Section51

Sample Preparation. Two polymers were used for the
experiments: hydrogenated poly(methyl methacrylate) [hPM-
MA] and perdeuterated poly(ethylene oxide) [d4PEO]. Both
polymers have narrow molecular weight distributions and
were purchased from Polymer Standards Service. The calori-
metric glass transition temperatures were measured using a
TA Instruments Q1000 differential scanning calorimeter [DSC]
on samples of 10-15 mg. The Tg values were calculated from
the midpoint of DSC scans at 10 K/min. Both characterization
results from gel permeation chromatography and Tg values are
given in Table 1.

A blend of hPMMA/d4PEO containing 20 wt % PEO was
prepared by dissolving the two polymers in chloroform and
casting them from solution. The blends were kept in a vacuum
oven at 340 K for a week to ensure complete removal of the
solvent. To ensure that no PEO crystallinity was present
initially or occurred during the experiment, DSC scans were
run on the blend at 10 K/min, before and after the neutron
measurements were undertaken. The scans, indicating a single
broad glass transition around of 345 K, were identical. To set
the upper temperature limit for the experiments, we ran DSC
scans on both hPMMA and d4PEO in which the temperature
was raised from room temperature to 650 K. The scans show
degradation at 583 K for hPMMA and 572 K for d4PEO, based
on which we set an upper limit of 530 K for our measurements.

Neutron Scattering Measurements. QENS experiments
were performed using the NG2 high-flux backscattering
spectrometer (HFBS29) at the NIST Center for Neutron
Research in Gaithersburg, MD. In this high-energy resolution
spectrometer the neutrons are Doppler shifted about an
incident wavelength of 6.27 Å, thus providing a range of
incoming neutron energies. The neutrons hit the sample and

are scattered. The samples which are annular in shape were
held in a thin-walled aluminum can mounted on a closed cycle
refrigerator unit. The thicknesses of the sample films were
∼0.10 mm and were chosen to achieve transmissions of ∼90%
and minimize multiple scattering effects. An array of detectors
receive only those scattered neutrons with a particular final
energy, as determined by multiple analyzers. The instrument
was operated at two dynamic ranges (energy transfer): (11
and (20 µeV. The resolutions (full width at half-maximum)
of the spectrometer were 0.80 and 0.87 µeV, respectively,
determined by measuring with a vanadium sample at 293 K
at each energy transfer range. The momentum transfers (Q)
measured ranged between 0.6 and 1.7 Å-1, corresponding
roughly to 3-11 Å. The data were grouped in 10 bins with
midpoints of 0.62, 0.75, 0.87, 0.99, 1.11, 1.22, 1.42, 1.51, 1.60,
and 1.68 Å-1. The raw data were treated by normalizing to
monitor and correcting for absorption effects and detector
efficiency using software developed by NIST (Data Analysis
and Visualization Environment).30 QENS spectra were ob-
tained at temperatures between 300 and 530 K, encompassing
the Tg of the blend and that of pure PMMA.

As previously mentioned, the difference in incoherent cross
sections between hydrogen and deuterium allows highlighting
the motion of one component in the blend by deuterating the
other. This is a consequence of the scattering being dominated
by the incoherent signal from the hydrogen atoms. The total
scattering cross section of the blend sample consists of the sum
of the scattering cross sections of all the atoms, those in the
hydrogenated component (in this case PMMA) plus those in
the deuterated component (PEO). The total scattering cross
section includes both incoherent and coherent contributions.
Therefore, we can write σtotal ) σPMMA + σPEO ) σinc

PMMA +
σcoh

PMMA + σinc
PEO + σcoh

PEO. We can then calculate the incoherent
contribution of PMMA to the total scattering cross section, i.e.,
σinc

PMMA/σtotal, to be approximately 91%. The same calculation
for pure PMMA yields gives an incoherent contribution of 93%.

Results
The quasi-elastic spectra of PMMA in the blend and

pure PMMA were measured at a series of temperatures
ranging from below to well above the Tg of the
samples: hPMMA/d4PEO spectra were measured at T
) 308, 324, 348, 372, 387, 405, 420, 440, and 490 K,
and hPMMA spectra were taken at T ) 413, 424, 447,
465, 503, and 520 K. The spectra give the incoherent
energy-dependent structure factor S̃(Q,ω) as a function
of energy transfer (µeV, E ) pω), as shown in Figures 1

Table 1. Characterization Results for PMMA Samples

polymer Mw (kg/mol) Mw/Mn Tg (K)

hPMMA 355 1.03 397
d4PEO 460 1.44 211
hPMMA/d4PEO 345

Figure 1. Influence of temperature on QENS spectra for
PMMA in a 20% blend at a constant momentum transfer of
0.99 Å-1. The spectra correspond to data at 308, 348, 372, 387,
405, 420, 440 and 490 K, from front to back. The instrumental
resolution is shown in each case for comparison (dotted line).
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and 2 for PMMA in the blend. Also shown in the figures
is the instrumental resolution. We use a tilde to dif-
ferentiate the “measured” dynamic structure factor
[S̃(Q,ω)] from the “true” dynamic structure factor of the
sample [S(Q,ω)], which has the instrumental resolution
removed. In the first of these figures the spectra are
shown as the temperature is increased from below to
above the blend Tg. As motion becomes faster with
increasing temperature, the peaks become shorter and
broader and stop resembling the resolution spectra. A
similar broadening is observed as the value of Q is
increased while keeping the temperature constant. This
is shown in Figure 2. The line shape of the spectra in
both figures consists of the superposition of at least two
peaks, a tall and thin Gaussian peak and either one or
a number of shorter and wider peaks. The Gaussian
peak corresponds to the elastic contribution to the
scattering function, i.e., to scattering events in the
absence of motion. The broad peak corresponds to the
quasi-elastic scattering that results from the mobility
of the scattering centers.

The dynamic structure factors of pure PMMA and
PMMA in the blend are compared in Figure 3. The
scattering intensity has been normalized by the maxi-
mum scattering intensity for the comparison. The plots
contain data at Q ) 0.62 Å-1 and at temperatures T )
490 K (PMMA in the blend) and 503 K (pure PMMA).
Blending significantly increases the broadening of the
spectra, implying that PMMA moves considerably faster
in the blend as compared with the pure state, if
compared at the same temperature. If compared at the
same distance above Tg, as shown in Figure 4, very little
difference is observed.

Data Analysis and Evaluation
Figure 4 suggests that the mobility of PMMA is

invariant if considered at the same distance above Tg.
To make a numerical comparison, the data are fit with
the empirical Kolrausch-Williams-Watts31 (KWW)
equation:

where S(Q,t) is the intermediate scattering function at
time t, S(Q,0) is the intermediate scattering function

at time t ) 0, A(Q,T) is a prefactor, τKWW is the
characteristic relaxation time, and â is the stretching
exponent. In analyzing the data in this way, we assume
they can be described by the KWW functional form. This
is reasonable given that in the neat state and in
blends13,15,16,32-34 the KWW equation describes the time
decay of all polymers, even at temperatures well above
Tg. At short time scales (less than 1 ps), a simple
exponential process appears, but the backscattering
spectrometer does not have sufficient dynamic range to
observe this.

The intermediate scattering function S(Q,t) is the
Fourier transform (FT) in the time domain, of the true

Figure 2. Influence of momentum transfer on QENS spectra
for PMMA in a 20% blend at a constant temperature of 420
K. The spectra correspond to data at 0.75, 0.99, 1.22, 1.42, and
1.60 Å-1, from front to back. The instrumental resolution is
shown in each case for comparison (dotted line).

S(Q,t)
S(Q,0)

) A(Q,T) exp[-[ t
τKWW(Q,T)]â(Q,T)] (1)

Figure 3. Effect of blending on the QENS spectra of hPMMA
at approximately the same temperature (T ) 503 K for pure
PMMA and 490 K for hPMMA/d4PEO). In both cases results
are shown for a momentum transfer of 0.62 Å-1. The spectra
have been normalized to the maximum intensity and are
compared to the instrumental resolution.

Figure 4. Effect of blending on the QENS spectra of hPMMA
at a temperature the same distance above the glass transition
temperature (Tg + 95 K) and at Q ) 0.62 Å-1. The spectra
have been normalized to the maximum intensity and are
compared to the instrumental resolution.
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dynamic structure factor S(Q,ω), which is in the fre-
quency domain. The data are fit in the time domain
because there is no analytical transform of the KWW
equation in the energy domain (except for â ) 0.5) and
because any small differences in S(Q,ω) are magnified
in S(Q,t). The spectra are Fourier transformed by
directly applying the discrete complex Fourier integral
to each set of measured constant temperature and
momentum transfer results:35

In the expression above, k represents a data point and
N the total number of data points, ωk is the angular
frequency () Ek/p, where E is the energy), and ∆ωk is
the width of the frequency interval between data points.
The measured dynamic structure factor S̃(Q,ω) includes
the true dynamic structure factor S(Q,ω) convoluted
with the resolution function of the instrument R(Q,ω).
Applying the FT converts the convolution into a mul-
tiplication in the time domain:

Therefore, the resolution can be removed by simply
dividing the FT of the spectra by the FT of the resolution
function.

Once S(Q,t) and S(Q,0) are calculated, the intermedi-
ate scattering functions are fit with the KWW equation.
The intermediate scattering functions for PMMA in the
blend are shown in Figure 5 as a function of tempera-
ture and momentum transfer. As expected, mobility
increases with increasing T and Q. The lines represent
the best fit to the KWW equation using the procedure
described below. The limited time window of the back-
scattering instrument and the stretched nature of the
relaxation result in small decays particularly at low
temperatures and small Q values. To address this
difficulty, we link the fits with more decay (those at high
T and Q) to those with less decay by fitting all the data
simultaneously and requiring that the parameters do
not behave unphysically; for example, relaxation times
should not increase with increasing temperature. This
allows the data with small decays to benefit from data
which is more certain. It should be noted that even with
this fitting procedure, the data at the lowest tempera-
tures do not decay enough and are discarded. Thus,
although we provide a fit for T ) 348 K in Figure 5, the
resulting parameters are too uncertain and are excluded
from subsequent analysis.

The fitting is accomplished using a nonlinear optimi-
zation solver CONOPT, accessed via the general alge-
braic modeling system (GAMS). We minimize the squared
difference between predicted and measured values of
S(Q,t)/S(Q,0). The result is a full set of parameters
A(Q,T), â(Q,T), and τ(Q,T). The mathematical formula-
tion of the problem is included as Supporting Informa-
tion. The following constraints are used: (1) Relaxation
times between 0.0001 and 106 ns are allowed. Data sets
for which this cannot be satisfied are discarded. (2)
Relaxation times increase with decreasing temperature,
i.e., the lower the temperature the slower the motion.
(3) Relaxation times decrease with increasing Q (com-

pared with collective relaxation times which show
modulation with the static structure factor S(Q), i.e.,
de Gennes narrowing).36,37 (4) A increases with decreas-
ing temperature and length scalesthe smaller the value
of A, the greater the fraction of the motion faster than
the instrumental time window; this dependence for
incoherent scattering has also been observed by other
authors.37,38

Because of the large number of fitting parameters
(three) that are often closely coupled, we wish to set an
error bar that will represent the maximum range of each
parameter that can adequately represent the data.
Error bars for the Fourier transformed data as well as
for the KWW parameters are calculated using a sam-
pling technique. This involves randomly generating a
large number of possible data sets with each data point
randomly placed within its error bars. To study the
effect of sample number, the number of generations was
varied from 100 to 5000. The size of the error bars did
not change beyond that for 500 generations. Thus, this
was chosen as the sampling quantity. The error bars
presented in the figures correspond to the maximum
and minimum values of each parameter obtained in the
500 fits and thus represent the range of each parameter
that can provide a good fit to the data. Values outside
the error bars cannot provide a reasonable fit regardless
of the values of the other two parameters.

S̃(Q,t) ) ∑
k)1

N

S̃(Q,ωk) exp(-iωkt)∆ωk (2)

Figure 5. Intermediate scattering function S(Q,t)/S(Q,0) of
PMMA in the blend with 20% PEO as a function of (a)
temperature at a constant Q ) 0.99 Å-1 and as a function of
(b) momentum transfer at a constant T ) 440 K. The curves
are fits obtained using the KWW equation. Error bars cor-
respond to the maximum, and minimum values of S(Q,t)/S(Q,0)
are calculated as explained in the Data Analysis section.
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The validity of the fitting procedure is tested using
the stretching exponent â as it is the most difficult
parameter to assign. We choose to test it with data at
Q ) 0.62 Å-1 since it is the smallest momentum transfer
measured and has the smallest decays. Figure 6 shows
â values for pure PMMA and PMMA in the blend
obtained from QENS, as well as values obtained for the
R-relaxation of pure PMMA from dielectric spectros-
copy39 where the large dynamic range provides full
decays and a much better assignment of â. The values
obtained from QENS and DS for pure PMMA are very
similar, indicating that the fitting procedure is return-
ing reasonable results.

Dynamics of PMMA in the Blend. In what follows,
the temperature and momentum transfer dependence
of τ and â are addressed [A is very close to 1.0 in all
fits]. Relaxation times of PMMA in the blend are plotted
as a function of temperature at representative low and
high Q values in Figure 7. At high temperatures,
relaxation times increase with decreasing temperature
following an Arrhenius behavior

where the activation energy is 110 kJ/mol, consistent
with the Râ process of pure PMMA.39 This process is
observed at all spatial scales. As the temperature is
decreased, a split is observed. Although this involves

our most uncertain points, the data suggest that, at low
Q, Arrhenius behavior is no longer obeyed. This change
in temperature dependence appears to agree with the
R-relaxation of pure PMMA39 also shown in Figure 7.
The latter data are shifted by T - Tg for comparison
with the blend data.

Divergence from Arrhenius behavior is only observed
at Q values smaller than the first peak in the static
structure factor for pure PMMA.40 A similar result has
been observed for pure polybutadiene,41 where at in-
termolecular spatial scales {Q less than Qmax, the
position of the first peak in S(Q)} relaxation times follow
the temperature dependence of the R-relaxation, but at
momentum transfers higher than this, relaxation times
exhibit an Arrhenius temperature dependence charac-
teristic of the â-relaxation. Although the data for
polybutadiene represent collective motion where the
connection between static structure factor and dynamics
is clear, this structure also has some bearing on self-
motion. The spatial scale in a neutron experiment acts
as a magnifying glass with varying power. The incoher-
ent experiment follows the motion of protons within
subvolumes of size specified by the momentum transfer.
If the subvolume is small enough (high Q), it will focus
on protons within single PMMA chains, with diminished
probability of other chains in the surrounding area
(specified by Q). Certainly the probability is reduced
significantly below the intermolecular peak in S(Q),
which for PMMA is centered at 0.9 Å-1 and has a width
of 1 Å-1. At present there is no data on S(Q) for the
blend, but since our measurements probe the dynamics
of PMMA, a comparison with pure PMMA is relevant.
We can thus associate the low Q data in Figure 7 with
regions that contain atoms in other chains (intermo-
lecular spatial scales Q < Qmax) and the high Q data
with regions likely to view a single chain average
(intramolecular spatial scales). The terms “intermolecu-
lar” and “intramolecular” represent the dominant con-
tribution to the subvolumes surrounding the observed
protons at the specified spatial scale and not to specific
separations between pairs of atoms. As with polybuta-
diene, relaxation times at intermolecular spatial scales
show indication of a rapid increase with decreasing
temperature. Deviations from Arrhenius behavior are
systematic with the lower two temperatures deviating
outside of the error. With our assignment of error, this
means that smaller relaxation times cannot describe the
data regardless of the values for A and â. The same
activation energy describes all spatial scales at high
temperatures, including the intramolecular scale in
Figure 7 (Q ) 1.51 Å-1). This is shown with the solid
line which has the same activation energy of 110 kJ/
mol, fit through all but the lowest temperatures (the
best fit gives Ea ) 116 kJ/mol). The data at this high Q
is also suggestive of a change in slope as Tg is ap-
proached; therefore, another fit is made using only
temperatures very close to Tg. The activation energy for
this process is 78 kJ/mol. This change in slope has also
been observed in pure PMMA by Bergman and co-
workers, who report an activation energy of 79.4 kJ/
mol near Tg. As a final comment, the data suggest that
the merger of these processes which resemble the R- and
â-processes in pure PMMA occurs near 1.15Tg, which
is consistent with other glass formers.

We now discuss the spatial scale dependence of the
characteristic relaxation times of PMMA in the blend.
Figure 8 shows a plot of relaxation times vs Q at four

Figure 6. Comparison of stretching exponent values obatined
from QENS and dielectric spectroscopy39 at Q ) 0.62 Å-1: solid
diamonds, PMMA in the blend from this work; open circles,
pure PMMA data from dielectric spectroscopy; triangles, pure
PMMA from this work.

Figure 7. Temperature dependence of relaxation times of
PMMA in the blend at two spatial scales: 0.62 and 1.51 Å-1.
Lines represent fits using the Arrhenius equation, eq 5: dotted
line, fit to Q ) 0.62 Å-1 data excluding the lowest two
temperatures; solid line, fit to Q ) 1.51 Å-1 data excluding
the lowest temperature; broken line, fit to Q ) 1.51 Å-1 data
excluding the highest three temperatures. Triangles show data
from dielectric spectroscopy39 for the R-relaxation of pure
PMMA shifted by Tg.

τ ) τ0 exp(Ea

kT) (5)
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temperatures. The solid lines represent fits using a
power law:

In the case of pure polymers, n values of 2 and 2/â have
been observed.36,42-44 Most of the present data can be
described with an exponent of -2 throughout the
measured spatial range. This scaling indicates Gaussian
dynamics. At temperatures e372 K the data suggest the
appearance of a second regime with a scaling of -2/â
at spatial scales smaller than Q ) 1.1 Å-1. Unfortu-
nately, this involves the data with the largest errors,
precluding a definite statement. The data are more
consistent with a crossover in slope than with a con-
tinuation of -2 scaling (also shown in Figure 8). The
possibility of a -2/â scaling appears at length scales
large enough to include significant intermolecular con-
tributions and at temperatures less than 1.15Tg. For
pure polymers, a crossover has been observed with both
experiments36,45 and molecular dynamics simulations.46

For simple liquids, -2 scaling indicates a Gaussian form
of the single particle displacement. This normally occurs
at short (ballistic motion) and long (free diffusion) time
scales. In polymers, a sublinear dynamic regime occurs
at intermediate time scalesscomparable to those probed
by QENS. In this regime, the Gaussian form leads to a
-2/â scaling. In the molecular dynamics simulations of
Colmenero et al.,46 the authors show that a -2 scaling
emerges with a deviation from Gaussian behavior as Q
becomes larger than Qmax (the “intermolecular” peak in
the static structure factor). This is consistent with our
results at low temperature. The persistence of a -2
scaling at high temperatures suggests that particle
displacements are not Gaussian throughout our tem-
perature range, but one would expect (and the work by
Colmenero et al.46 confirms) that as the temperature is
raised Gaussian behavior is eventually recovered for all
Q. One possible reconciliation is that the spatial scale
of the crossover is temperature-dependent, specifically
shifting to lower Q and moving out of the window of
the backscattering spectrometer. The temperature de-
pendence reported in the work of Farago and co-
workers36 is not pronounced and does not support such
a conclusion. One must also remember that the current
system is a miscible blend which may introduce ad-
ditional aspects not present in pure polymers. A change
from -2 to -2/â has also been associated with a change
from heterogeneous to homogeneous dynamics.45 This

explanation is inconsistent with our data since spatial
heterogeneities would be expected to become more
prominent near Tg.37,47-49

A physically appealing scenario would be that at high
temperatures and small spatial scales simple diffusion
is observed in conjunction with Arrhenius temperature
dependence, whereas below ∼1.15Tg (or the Tg of
PMMA) and at spatial scales larger than the interchain
spacing for PMMA, sublinear diffusion and Vogel tem-
perature dependence set in. This scenario requires that
the relaxation decays exponentially, which is not the
case for the present results. Decays for polymers are
stretched even at high temperatures and long times.

Comparison with Pure PMMA Dynamics. Our
major conclusion results from comparing the blend data
with QENS measurements on pure PMMA. The inter-
mediate scattering functions for pure PMMA are shown
in Figure 9 at temperatures ranging from 424 to 520
K. Like with the blend data, molecular motion acceler-
ates with increasing temperature and is faster at
smaller spatial scales. The scattering functions also
show that the temperature where the onset of mobility
takes place has been missed; there is a clear break
between the decay curves at 465 and 503 K. As a result,
the solver fails to find a solution to the problem when
given all temperature and Q data simultaneously, and
the data are analyzed at each temperature separately.
This means that only the Q-dependent constraints are
applied, i.e., inequalities (12) and (14) [see Supporting
Information].

Relaxation times are plotted in Figures 10 and 11 as
a function of temperature for pure PMMA and PMMA
in the blend. The comparison is made at the same two

Figure 8. Q dependence of the characteristic relaxation times
obtained for PMMA in the blend at four different tempera-
tures. Lines are fits using eq 6 with n ) 2 (solid) and n ) 2/â
(dashed). The vertical dashed line shows the spatial scale of
the peak in S(Q) for pure PMMA.

τKWW(Q,T) ∝ Q-n (6)

Figure 9. Intermediate scattering function S(Q,t)/S(Q,0) of
pure PMMA at (a) a constant momentum transfer of 0.99 Å-1

and different temperatures and (b) a constant temperature of
503 K and different momentum transfers. The lines are fits
using the KWW equation. Error bars correspond to the
maximum and minimum values of S(Q,t)/S(Q,0) calculated as
explained in the Data Analysis section.
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momentum transfers considered before: 0.62 and 1.51
Å-1. It is apparent that the behavior of PMMA in the
blend closely resembles that observed for pure PMMA.
At the larger spatial scale, relaxation times increase
rapidly as the temperature is decreased toward the glass
transition temperature. The neutron data are consistent
with the high-frequency end of the R-relaxation of pure
PMMA, as illustrated by the dielectric spectroscopy and
light scattering data included in the figure. At the
smaller spatial scale there is an Arrhenius temperature
dependence with an activation energy of 118 kJ/mol for
pure PMMA and 110 kJ/mol for the blendsconsistent
with the merged Râ process. The similar temperature
behaviors suggest that PMMA retains its pure compo-
nent dynamic characteristics in the blend with a shift
in temperature due to the presence of PEO.

To test this, we attempt to collapse the data on a
single curve by comparing the data at a temperature
the same distance above the glass transition. These
comparisons are shown in the middle and bottom plots

of the figures. The data now overlap, indicating that the
change in the time scale of the R or Râ processes of
PMMA upon blending is solely a result of the change
in glass transition temperature due to the addition of
PEO. This is consistent with observations on the poly-
isoprene/poly(vinylethylene)17,19 where the relaxation
rate of the high-Tg component tracks the average Tg of
the mixture.

The comparison between the spatial dependence of
the relaxation times of PMMA the blend and that of
pure PMMA is shown in Figure 12. The behavior of pure
PMMA (upper plot) is similar to PMMA in the blend.
At high temperature a power law of -2 is observed. As
the temperature is decreased, a -2/â scaling more
closely resembles the data than a -2 scaling. The
crossover in Q scalings is located at approximately the
same spatial scale (Q ≈ 1.2 Å-1) and temperature
(between 1.12Tg and 1.17Tg) as seen in the blend.

As further evidence for the scaling with distance
above Tg, the lower plot shows the spatial dependence
of the relaxation times for PMMA in the blend and pure
PMMA at the same distance above Tg, Tg + 65 K, and
Tg + 100 K (these being the only two T + Tg values

Figure 10. Effect of blending on relaxation times for PMMA
at Q ) 0.62 Å-1. The top figure shows a comparison at the
same temperature, the middle figure a comparison at the same
T - Tg, and the bottom figure a comparison at T/Tg. In all
figures, solid circles represent pure PMMA data from this
work, crosses represent data for PMMA in the blend from this
work, and open triangles and open squares show data for the
R-relaxation of pure PMMA from dielectric spectroscopy39 and
light scattering measurements,50 respectively.

Figure 11. Effect of blending on relaxation times for PMMA
at Q ) 1.51 Å-1. The top figure shows a comparison at the
same temperature, the middle figure a comparison at the same
T - Tg, and the bottom figure a comparison at the same T/Tg.
In all figures, solid circles represent the pure PMMA data and
crosses represent the data for PMMA in the blend. The solid
lines show the Arrhenius temperature dependence of the
relaxation times and correspond to an activation energy of 118
kJ/mol.
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common to both systems). In both cases the data
coincide again, confirming that the change of dynamics
upon blending can be explained by the change in Tg.

As a final comment, we consider the effect of blending
on the stretching exponent, i.e., do the dynamic pro-
cesses observed become broadened upon blending? One
might expect that placing PMMA in a blend with PEO
will increase the width of the distribution of mean
relaxation times (i.e., decrease â) due to concentration
fluctuations, but it also renders the system further from
Tg which would tend to increase â. In Figure 6, â values
were shown for pure PMMA and PMMA in the blend
at Q ) 0.62 Å-1. Values show similar temperature
dependencies for both systems; pure PMMA is perhaps
slightly broader. If compared at the same distance above
Tg (not shown) which eliminates the second effect, our
data suggest that the larger range of environments has
little effect on the breadth of the relaxations. This would
imply that the dynamic behavior of PMMA is insensitive
to the effects of concentration fluctuations.

Summary and Conclusions
We have investigated the effect of blending PMMA

with PEO using quasi-elastic neutron scattering, at
temperatures below and above the glass transition. The
measurements cover spatial scales spanning the peaks
in the static structure factor of pure PMMA. Despite
the complexity of prior results on this system, for PMMA
in the PEO/PMMA blend, an adequate description of
mean blend relaxation times may be obtained simply
by correcting for the difference between Tg,PMMA and
Tg,blend. If compared at the same temperature, the
motion of PMMA is accelerated by the presence of PEO,
but if compared at the same distance above Tg, relax-
ation times coincide. This observation, although intrigu-
ing, is limited by the following. To obtain relaxation
times, we assume that the self-intermediate scattering
function can be described by a stretched exponential and

that an adequate estimation of the stretching exponent
is possible given the small time window of the back-
scattering spectrometer. The latter concern is somewhat
alleviated by the fact that we find good agreement
between pure PMMA stretching exponents from our fits
and those from DS, where a large time window is
available. Although it would be preferable to test this
agreement for the blend results, such data are not
available. One must also appreciate that the observed
scaling with Tg is limited to the early stages of relax-
ation behavior that are observable with QENS. It is
certainly possible that this observation does not hold
at temperatures approaching Tg. To answer this ques-
tion, experiments such as DS are required.

For both pure PMMA and PMMA in the blend,
Arrhenius behavior and a -2 spatial scaling are ob-
served except at spatial scales greater than interchain
spacing and low temperatures where relaxation times
suggest a Vogel temperature dependence and a -2/â
scaling with Q. Confirmation of this result requires
incoherent measurements with better resolution, which
at present are not possible.
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